Abstract CO 2 flooding is regarded as an important method for enhanced oil recovery (EOR) and greenhouse gas control. However, the heterogeneity prevalently distributed in reservoirs inhibits the performance of this technology. The sweep efficiency can be significantly reduced especially in the presence of ''thief zones''. Hence, gas channeling blocking and mobility control are important technical issues for the success of CO 2 injection. Normally, crosslinked gels have the potential to block gas channels, but the gelation time control poses challenges to this method. In this study, a new method for selectively blocking CO 2 channeling is proposed, which is based on a type of CO 2 -sensitive gel system (modified polyacrylamide-methenamine-resorcinol gel system) to form gel in situ. A CO 2 -sensitive gel system is when gelation or solidification will be triggered by CO 2 in the reservoir to block gas channels. The CO 2 -sensitivity of the gel system was demonstrated in parallel bottle tests of gel in N 2 and CO 2 atmospheres. Sand pack flow experiments were conducted to investigate the shutoff capacity of the gel system under different conditions. The injectivity of the gel system was studied via viscosity measurements. The results indicate that this gel system was sensitive to CO 2 and had good performance of channeling blocking in porous media. Advantageous viscosity-temperature characteristics were achieved in this work. The effectiveness for EOR in heterogeneous formations based on this gel system was demonstrated using displacement tests conducted in double sand packs. The experimental results can provide guidelines for the deployment of the CO 2 -sensitive gel system for field applications.
Introduction
In recent years, sequestration and utilization of CO 2 is becoming an important research topic Zhang et al. 2010) . With the promotion of CO 2 capture and storage technology, the problem of CO 2 gas source can be solved and an increasing number of oil reservoirs will be candidates for CO 2 EOR projects (Ren et al. 2014) . Injection of CO 2 into oil and gas reservoirs may have both economic and environmental benefits (Elsharkawy et al. 1996; Sweatman et al. 2009; Talebian et al. 2014) . Targets for reducing greenhouse gas emission were also emphasized during the 21st session of the conference of the parties (COP21) which was held in 2015. Carbon dioxide capture and storage (CCS) is a promising way of making low-carbon energy solutions sustainable. However, CCS has made limited progress. An important route to making CCS a more sustainable option is via CO 2 EOR as part of carbon capture, utilization and storage (CCUS) systems (http://www.bbc.co.uk/news/science-environment-35086346). In the southern states of the United States, CO 2 flooding has been one of the main techniques for EOR due to their abundant natural CO 2 sources (Zhu et al. 2011) . It has been demonstrated that CO 2 flooding can be one of the most effective EOR technologies proven in field tests and indoor experiments. There is a large-scale CO 2 EOR project in the Weyburn Oilfield of Canada to deal with the industrial carbon emissions. Since 2000, about 1.8 million tons of CO 2 per year captured from a coal gasification plant in the North Dakota have been transported to the Weyburn Oilfield through pipelines for injection to meet the requirements of storage and enhancing oil recovery. The potential of CO 2 storage in the field is over 50 million tons and the incremental oil recovery can be achieved is approximately 9.8 % OOIP (Preston et al. 2005) . Also a large-scale CO 2 EOR project has been under way in China since 2006 in the Jinlin Oilfield (Northeast China) (Li and Fang 2007) , in which CO 2 produced and separated from natural gas reservoirs nearby is utilized, and about 0.3-0.5 million tons of CO 2 per year have been injected into oil reservoirs since then. Meanwhile, in the Shengli Oilfield CO 2 is captured from a coal-fired electricity plant for EOR and the capacity of CO 2 injection will be over 0.5 million tons per year.
For the oil and gas industry, CO 2 EOR has been demonstrated as a feasible technology to improve oil recovery. The EOR mechanisms include interfacial tension (IFT) reduction, CO 2 dissolution into oil to reduce its viscosity and swell oil, permeability improvements as the reaction of carbonic acid (due to CO 2 dissolution in water) with the limestone/dolomite, and wettability alteration due to asphaltene precipitation. It is notable that CO 2 and oil may become miscible when the reservoir pressure exceeds the minimum miscible pressure (MMP) which can greatly reduce the residual oil saturation and improve oil recovery (Li et al. 2015) . However, viscous fingering (due to the viscosity contrast of CO 2 and oil) and gravity segregation (due to the lower density of CO 2 ) can develop quickly and lead to lower macroscopic sweep efficiency during the process of CO 2 injection. Reservoir heterogeneity leads to more severe early breakthrough of CO 2 in production wells (Hamouda et al. 2009; Hou and Yue 2010; Enick et al. 2012) . Early breakthrough of CO 2 at production wells can reduce the sweep efficiency and undermine the oil recovery factor (Chakravarthy et al. 2006; Nezhad et al. 2006) . A key issue of CO 2 flooding is to mitigate the problem of gas channeling, especially for the reservoirs associated with high-permeability zones (thief zones) (Xing et al. 2010) . Different techniques have been developed for blocking channels with high permeability and controlling the mobility of CO 2 , such as the water-alternating-gas (WAG) process (Christensen et al. 2001; Luo et al. 2013; Majidaie et al. 2015) , injection of CO 2 foam (Khalil and Asghari 2006; Yu et al. 2012; Zhang et al. 2013a) , and use of CO 2 thickener (Enick et al. 2012; Zhang et al. 2011; Mclendon et al. 2012) . However, the technologies mentioned above have their own limitations, for example technical feasibility, economy, environmental friendliness, and safety. Gel polymer systems have been applied successfully in oil and gas wells to control unwanted water production in recent years. A gel system consists of polymer, crosslinker, water as the solvent, and some additive materials. The polymers used in gel systems mainly include polyacrylamides (PAM), partially hydrolyzed polyacrylamides (PHPA), xanthan gum, carboxymethylcellulose, furfural alcohol, acrylic/epoxy resins, silicate based gels, and block copolymers. Meanwhile, the crosslinker can be classified into two groups: organic (such as phenol, formaldehyde, and polyethyleneimine (PEI)) and inorganic (such as Cr 3? , Al 3? , Zr 3? ) (Dalrymple et al. 1994; Prada 1998; Niu et al. 2013) . For inorganically crosslinked gels, nanotechnology was used to extend the gelation time of PHPA/Cr 3? systems (Cordova et al. 2008) . The particles based on PEI and dextran sulfate (DS) can sequester Cr 3? . In addition, PHPA/Cr 3? system assisted by foam was evaluated to block deep wormholes (Asghari et al. 2005) . Copolymers of PAM were also studied for crosslinking with Cr 3? (Prada et al. 2000) . Colloidal dispersion gels (CDGs) were investigated for blocking of ''thief zones'' in heterogeneous formations (Chang et al. 2006) . With respect to the organically crosslinked gels, a system was designed by the PDVSA Research and Development Center that can exhibit blocking performance at temperature up to 160°C. The PAtBA (PAM tert-butyl acrylate)/PEI system was developed for near-wellbore treatments, and it also can tolerate temperature up to 160°C in fields. In order to enhance the strength of gels, materials were also added into the PAtBA/ PEI system like cement, silica flour, and rigid-setting materials (RSMs). For the deep modification of injection profiles, two gel systems were identified: microspheres using PAM monomers crosslinked with N,N 0 -methylenebisacrylamide and microspheres produced by crosslinking 2-acrylamido-2-methylpropane sulfonic acid (AMPS) with diacrylamides and methacrylamides of diamines (El-Karsani et al. 2014) . Polymer microsphere emulsion attracts considerable attention for water shutoff material with relatively low viscosity that can be injected continuously and prepared using formation water produced from oilfields (Guo et al. 2014) . Preformed particle gels (PPGs) were also used to overcome different drawbacks, which include the uncertainty of gelling due to shear degradation and gelant composition changes caused by dilution by formation water and chromatographic fractionation, inevitable in situ gelation systems (Elsharafi and Bai 2016) . Although generally gel treatment is performed with waterflooding for conformance control, several laboratory experiments and field applications have been conducted to divert CO 2 (Martin and Kovarik 1987; Martin et al. 1988; Seright 1995; Hughes et al. 1999; Karaoguz et al. 2007; Hou and Yue 2010; Pipes and Schoeling 2014) . However, gelation time limits the application of this technology mentioned above. In matrix treatments, it must be long enough so that the gel can penetrate into the reservoir to ensure sufficiently deep placement. It is difficult to control the gelation time with various factors affecting it, such as temperature, salinity of mixing water, and concentration of polymer. Hence, new types of gel systems need to be developed for blocking the gas channeling during the CO 2 injection process with more reliable operation.
In this study, a new method for selectively controlling CO 2 channeling and reducing its mobility is proposed, which is based on a CO 2 sensitive gel system (modified polyacrylamide-methenamine-resorcinol) to form gel in situ. The CO 2 sensitive gel system is gelation that will be triggered by CO 2 in the reservoir, and the chemical can be dissolved in water and injected separately via a simple and economic slug injection technique. This method based on CO 2 sensitivity makes the gelation process more reliable because the gelation needs not only the gelation time but also the presence of CO 2 . In this paper, the mechanisms of the gelation and their rheological behavior under different conditions were described. The CO 2 -sensitivity of the gel system was demonstrated using transparent tubes and the gel strength and gelation time were evaluated based on a gel strength code method. By means of viscosity measurements, the injectivity of the gel system was investigated. The effectiveness of the gel system for blocking gas channels in porous media was studied in sand pack flow experiments. The performance of EOR in simulated heterogeneous formations assisted by this gel system was also exhibited through displacement tests conducted in double sand packs.
Gelation mechanisms
A modified polyacrylamide-methenamine-resorcinol gel system investigated in this study has been used successfully as a water shutoff gel system (Zhang and Yang 1988) . Its mechanism of gelation can be described as below under reservoir conditions in the presence of CO 2 .
In an acidic environment and at a high temperature, methenamine can release methanal (formaldehyde), and the released methanal can react with polyacrylamide (PAM) and resorcinol to generate phenolic resin via a polycondensation process. Phenolic resin can react further with PAM to produce linear polymers that can block channels (Noller 1965; Xing et al. 2005) . Under normal reservoir conditions, an acid (such as HCl solution) is injected to trigger the chain reactions. While in the process of CO 2 flooding, CO 2 dissolves in formation water and reduces its pH to 2-4 (an acidic environment) (Raje et al. 1999; Hild and Wackowski 1999; Cai 2010; Zhang et al. 2013b, c) , then the gel system can become CO 2 -sensitive that only works in high-permeability zones where CO 2 can readily breakthrough or channel out. Therefore, the gel system can selectively block the high-permeability zones or gas channels. The reaction mechanisms involved are as follows: (1) CO 2 dissolves in formation water and generates carbonic acid in situ. Carbonic acid creates an acidic environment that is conductive to the formation of gels. (2) Methenamine releases methanal in the acidic environment at relatively high temperatures. (3) Multi-hydroxymethyl resorcinol may be formed through the reaction between methanal and resorcinol, and via polycondensation of multi-hydroxymenthyl resorcinol, phenolic resin is formed. (4) Large linear polymers may be formed through further polycondensation between phenolic resin and polyacrylamide that can make the gel more stable and strong.
Experimental

Materials
Modified polyacrylamide (PAM) was supplied by the Sinopharm Chemical Reagent Co., Ltd, with an average molecular weight (MW) over 3 9 10 6 and a solid content of 85.0 % above. Methenamine (colorless or white crystals, MW 140.9, purity C99.0 %), resorcinol (white needle-like crystals, MW 110.1, purity C99.5 %), and CaCl 2 (purity C96.0 %) were also supplied by the Sinopharm Chemical Reagent Co., Ltd. CO 2 (purity C99.8 %), N 2 (purity C99.999 %), NaCl (purity C99.5 %), and deionized water were used in experiments. In the experiments, the simulated formation water was prepared using NaCl 2 and CaCl 2 , with total salinity of 20,000 ppm or 200,000 ppm that included 1000 ppm of CaCl 2 , representative of the typical formation (Zhang et al. 2013a) . In order to provide enough crosslinker for the gelation in the presence of CO 2 , relatively high concentrations of resorcinol (0.1 wt%) and methenamine (0.4 wt%) were applied in these experiments. The gel solution (modified PAM-methenamine-resorcinol solution) was prepared with the simulated formation water. The oil used was taken from TP block in the Tahe Oilfield, China, with a viscosity of 72.3 mPa s at 50°C. Quartz sand with grain sizes in the range of 60-100 mesh was used to make sand packs in order to investigate the effect of the gel system on permeability reduction and EOR performance in porous media.
Methods
Improved bottle test
Sydansk's gel strength code (GSC), which is an intuitive, rapid, and semi-quantitative method to evaluate the gelation Pet. Sci. (2016) 13:247-258 249 rate and gel strength through visual observations in the gel formation process (Sydansk and Argabright 1987) , was used in this paper. In this study, the transparent tubes for bottle tests were improved, with a pressure tolerance up to 1.5 MPa. The correspondence of the gel state and strength and the strength codes were described in Table 1 . The experimental apparatus for measuring gelation rate and gel strength at reservoir conditions was shown in Fig. 1 . The key devices were the transparent tubes (inner diameter 2.5 cm, length 20.5 cm, effective volume 100 mL). In order to observe the gelation process more easily and directly, the transparent tubes were made from polymethyl methacrylate.
Experimental procedures are as follows. (1) The gel solution (modified PAM with different concentrations, methenamine of 0.4 wt%, and resorcinol of 0.1 wt%) of 25 mL was pumped into the transparent tubes. The concentration of the modified PAM solution (prepared with the formation water) were 0.5, 1.0, 1.5, and 2.0 wt%, respectively. The salinity of the formation water used in bottle tests was 20,000 ppm (with 1000 ppm Ca 2? ). (2) CO 2 and N 2 were separately injected into the two transparent tubes at a pressure of 1 MPa. (3) The tubes were then placed in the air bath at a given temperature and a pressure of 1 MPa for gelation. Please note, in the case of CO 2 experiments, the pressure of 1 MPa is high enough for CO 2 to dissolve in water and create an acid environment (pH \ 4) in terms of safety considerations. (4) At regular intervals, the gelation processes in the transparent tubes were monitored, and the gelation time and gel strength were recorded. As time passed, the state and strength of the gel system changed until it stabilized. (5) The experiments were repeated at different temperatures and PAM concentrations.
Sand pack experiments
An experimental set-up was built to evaluate the capability of the CO 2 -sensitive gel system for water or gas shutoff and EOR performance in simulated heterogeneous reservoirs, as shown in Fig. 2 . This set-up consisted of two sand packs, a fluid injection system, an air bath, and pressure and temperature control systems. Before each experiment, the sand packs filled with quartz sand were connected into the experimental system and high-pressure CO 2 was injected into the system to carry out a leak test and ensure the gas tightness of the system.
Blocking performance experiments
Experimental procedures are as follows. (1) In these tests, only one sand pack (No. 1, as shown in Fig. 2 ) was used and saturated with the simulated formation water of different salinities (20,000 and 200,000 ppm) at a backpressure of 10.28 MPa under different temperatures. The pressure difference across the sand pack, DP 1 , was measured for calculating the initial permeability of the sand pack. The water injection rate was maintained at 1 mL/min. (2) CO 2 was injected into the sand pack until a gas breakthrough occurred at the outlet of the sand pack. (3) A slug of the gel solution (modified PAMmethenamine-resorcinol gel system) (normally 0.3 pore volume (PV)) was injected into the sand pack. The concentration of the modified PAM used in brine was 1.0 wt%. (4) A slug of CO 2 (0.3 PV) was then injected into the sand pack, and all the valves were turned off for gel reactions. (5) After 8 h, the simulated formation water was injected into the sand pack at an injection rate of 1 mL/min, and the pressure difference (DP 2 ) was measured at different injection volumes. The backpressure regulator may control the water flow more steadily than a CO 2 flow in sand packs and the pressure difference can be measured with relatively higher accuracy using water flow. Hence, the performance of the gel system for water shutoff was employed to reflect the blocking capacity to CO 2 based on this gel system indirectly.
Normally, the capability of the gel system for water or gas shutoff can be evaluated by the reduction in permeability of the sand pack after the gel treatment, which is defined as
where k 1 is the initial permeability to water before the gel treatment; k 2 is the permeability to water after the gel treatment. In this study, the injection rate was kept constant before and after the gel treatment, Eq. (1) may be expressed as follows:
where K R is a measure of the flow resistance after the formation of gels in the sand pack. The permeability reduction can directly reflect the changes of permeability in porous media. It is feasible and effective for evaluating the gel performance for water shutoff treatments. However, the backpressure and temperature should be set to the initial condition in order to achieve the parameter of k 2 . Therefore, the parameter K R achieved in Eq. (2) was convenient and used in these experiments for exhibiting the gel performance in porous media dynamically.
Displacement tests in simulated heterogeneous
formations Double sand packs were used to simulate heterogeneous formations. In the displacement tests, two sand packs (Nos. 1 and 2 sand packs as they were exhibited in Fig. 2 ) with different permeability were used to evaluate the EOR performance assisted by the gel system in the simulated heterogeneous reservoir. The permeability values of these two sand packs were 1993.2 and 150.6 mD, respectively. Therefore, the permeability ratio of these two sand packs was greater than 13 with different compaction degrees. The pore volume of the high-permeability sand pack was 130 mL and that of the low permeability one was 80 mL. The experimental procedures are as follows. (1) The temperature of the air bath was set to 90°C and the backpressure was 10.28 MPa to simulate reservoir conditions. (2) The formation water (with a total salinity of 20,000 ppm that included 1000 ppm Ca 2? ) was injected into each sand pack separately until a steady state was reached. The water injection rate was maintained at 1 mL/ min. (3) Oil was injected into each sand pack until no more water was produced at the end of the sand packs to establish initial oil saturation. (4) CO 2 was injected into the double sand packs simultaneously when no more oil was produced at the end of each sand pack. (5) The modified PAM-methenamine-resorcinol gel solution (0.3 PV) was then injected into the double sand packs and then all the valves were turned off for gel reactions. The PAM concentration in this solution was 1.0 wt%. (6) After 8 h, CO 2 was injected into the sand pack at an injection rate of 1 mL/min, and the EOR performance assisted by this technology was achieved until no more oil was produced.
4 Experimental results and discussion 4.1 CO 2 solubility in water CO 2 solubility in formation water is the key factor for the trigger of CO 2 -sensitive chemicals. It directly influences the pH value of the formation water with CO 2 dissolved. The CO 2 solubility in the formation water has significant effect on the performance of CO 2 -sensitive chemicals. To measure and predict the CO 2 solubility in water, a large Fig. 3 . CO 2 solubility in water is a function of temperature, pressure, and salinity. CO 2 solubility decreases with an increase in temperature and salinity. An increase in pressure increased the solubility of CO 2 in water. Although the high salinity of formation water may inhibit the dissolution of CO 2 , the effective CO 2 solubility (0.0634 mol CO 2 /kg H 2 O) in the formation water of salinity of 200,000 ppm can be achieved at a relatively high pressure of 1 MPa and at 90°C.
CO 2 -sensitivity
In the improved bottle tests, the gelation time and strength of gels formed were investigated at 1 MPa N 2 or CO 2 pressure and at different temperatures (50-80°C). The gel solution contained 1.0 wt% PAM, 0.4 wt% methenamine, and 0.1 wt% resorcinol. The results in Table 2 and Fig. 4 show that gels were formed in a CO 2 atmosphere, with a high gel strength; while no gel was formed or very weak gels were formed in an N 2 atmosphere. The phenomena of gelation processes with the presence of CO 2 were exhibited in the right tube and the phenomena in a N 2 atmosphere were achieved in left tube in Fig. 4 . This indicates that the gel solution used in these experiments was sensitive to CO 2 and the injection of CO 2 can induce crosslinking reaction. Under experimental conditions, gaseous CO 2 can dissolve in water and distribute uniformly, which makes the gels generated with a good strength (strength code of H). Under reservoir conditions, CO 2 is in a supercritical state and its mass transfer can be greatly improved (Li et al. 2015) . It is expected that the gelation condition can be improved.
Influence of temperature
As seen in Table 2 , the gelation time of the gel system was shortened with an increase in temperature (50-80°C). The gel formed in the CO 2 atmosphere was strong, strength code H, and the gelation rate improved with an increase in temperature. However, little or no gel was formed in the N 2 atmosphere. In general, the temperature had a positive effect on the gelation process at experimental temperatures. The solubility of CO 2 in water decreases with increasing temperature, which may affect the pH value of the solution. However, the molecular motion of CO 2 may be accelerated with increasing temperature, a low pH environment may appear quickly with the improved mass transfer of CO 2 , which reduces the gelation time. Meanwhile, the release rate of formaldehyde from methenamine becomes higher under relatively higher temperatures, which may promote the formation of gel with a more timely supply of crosslinkers. So, the positive effects of temperature dominated the gelation process in the experimental range. Table 3 lists the effect of the PAM concentration on gelation time and gel strength in CO 2 and N 2 atmospheres at 80°C. The PAM concentrations in the modified PAMmethenamine-resorcinol gel solution were 0.5, 1.0, 1.5, and 2.0 wt%, respectively. In the N 2 atmosphere, no gel was observed using the modified PAM-methenamine-resorcinol gel solution with different PAM concentrations during the 24-h experimental period. The gelation time was postponed with increasing PAM concentration in the CO 2 atmosphere. Specifically, the strength of the formed gel can be high with the code of H once the PAM concentration was equal to or higher than 1.0 wt%. A highly deformable nonflowing gel (strength code F) was observed for the gel system with .5 wt% PAM concentration after 1.78 h and the gel structure disappeared after 6 h, with the generation of dispersed brown floccules. Under the same temperature condition, the viscosity of the gel system would be thickened with an increase in the PAM concentration and the increase in viscosity may slow the molecular motion (including CO 2 , formaldehyde, and hydroxyl resorcinol, etc.) and diffusion rate down in the whole gel system. So the gel formation rate was reduced with increasing PAM concentration. Although a part of the gel solution can form gel structure with the formation of a gelation environment, the gel structure was weak and unstable when the PAM concentration was low (such as the PAM concentration of 0.5 wt%). When the PAM concentration exceeded 1.0 wt%, the gel strength did not improve with an increase of the PAM concentration.
Influence of the PAM concentration
Influence of pressure
In the evaluation of the influence of pressure on gel performance, the PAM concentration in the modified PAMmethenamine-resorcinol gel solution was 1.0 wt%. As exhibited in Table 4 , the gelation time of the gel system became shorter with an increase in pressure (0.2-1 MPa). The gel formed in the CO 2 atmosphere had high levels of strength, code H or F, when the pressure was higher than 0.2 MPa, and the gelation rate improved with increasing pressure. However, little or no gel formed in the N 2 atmosphere. Generally speaking, the increase in pressure had a positive effect on the gelation process at experimental pressures. The solubility of CO 2 in water increases with increasing pressure as exhibited in Fig. 3 , which decreases the pH of the solution. At the same time, the concentration
(b) (a) Fig. 4 Observed gelling occurrences in the presence of CO 2 and N 2 for the gel solution with 1.0 wt% PAM at 70°C. a Before gas injected. b After gas injected and the gel formed of CO 2 may be increased with increasing pressure, a low pH environment may appear quickly with the higher concentration of CO 2 , which reduces the gelation time. Meanwhile, the release rate of formaldehyde from methenamine becomes higher under an enhanced environment of low pH with relatively higher CO 2 pressure, which may also promote the formation of gel with a more timely supply of crosslinkers. So increased pressure has positive effects on the gel performance in the experimental range.
Injectivity of the gel system
During CO 2 and chemical injection, the formation temperature in the vicinity of the wellbore is usually lower than that in the deep formation. The injectivity of the gel system should be considered in order to reduce energy dissipation and pumping pressure. The viscosity of the gel systems with different PAM concentrations were evaluated with a Brookfield viscometer and shown in Fig. 5 . The viscosity of the gel system increased with an increase in the PAM concentration, but decreased with an increase in temperature. These characteristics are beneficial to migration of the gel system to the deep formation. Generally speaking, the near-wellbore temperature is relatively lower, but the fluid absorption ability is comparatively higher after some kind of stimulation and EOR works. The relatively higher viscosity of the gel system in the near-wellbore area is good for the control of the gel system injection and preventing injected fluid channeling. With the gel system flowing into the formation, the viscous effect accumulates and the resistance to fluid flow increases which makes the injection process more difficult. At the same time, the temperature is relatively higher in extended horizontal direction and this can decrease the viscosity of the gel system. So the decreased viscosity of the gel system is expected to improve the injectivity, which can contribute to the conformance improvement of deep reservoirs.
Shutoff capacity of the gel system in porous media
The shutoff capacity of the gel system was evaluated via flow tests in the sand packs. As shown in Table 3 , the gelation time and gel strength obtained from gel systems with a polymer concentration of 1.0, 1.5, and 2.0 wt% were similar, so the PAM concentration of 1.0 wt% was recommended for further examinations via sand pack experiments in terms of better injectivity of the gel system. The sand packs used were 60 cm in length and 2.5 cm in diameter. The experimental conditions for shutoff capacity in porous media and experimental results are shown in Table 5 and Fig. 6 . The data of DP 2 were collected after a constant flow of water was obtained at the outlet of the sand pack (approximately 0.5 PV water injected). Table 5 and Fig. 6 show that the permeability of the sand pack reduced by 94.5 % at 80°C after treatment with the PAM-methenamine-resorcinol gel solution. This indicates that the PAMmethenamine-resorcinol gel solution, a CO 2 -sensitive gel, can effectively block the CO 2 channels in the sand pack. With more formation water injected into the sand pack, the sand pack permeability changed slightly and the final permeability reduction remained at 93.8 %.
It was worth noting that this type of CO 2 -sensitive gel also had remarkable resistance to scouring compared to other CO 2 -sensitive shutoff systems such as sodium aluminate (with 2.0 PV water injected, less than 83 % permeability reduction) and resol phenol-formaldehyde resin (with 2.0 PV water injected, less than 31 % permeability reduction because the curing resin is brittle). Table 5 also shows that after the low-permeability sand packs were treated with 0.3 PV PAM-methenamine-resorcinol gel solution the permeability reduced by 97-99 % at 70°C. For the high-permeability sand pack treated by PAMmethenamine-resorcinol gel solution, the final permeability reduced by above 90 % at 90°C even after 3 PV formation water of high salinity (200,000 ppm with 1000 ppm Ca 2? ) was injected into the sand pack. This demonstrates that the PAM-methenamine-resorcinol gel had good stability at high salinity (200,000 ppm) and at high temperatures. In the second round of CO 2 injection for enhancing the gelation environment, the permeability reduction rate increased with the injection of CO 2 and can reach to more than 80 %, which was observed during the experimental processes. This performance indicates that gel with a certain extent of strength can be achieved under the condition of fluid flow.
EOR performance in simulated heterogeneous formation
In the displacement tests conducted in double sand packs, the EOR performance was evaluated after the simulated heterogeneous reservoir was treated with the gel system (modified PAM-methenamine-resorcinol gel system). The experimental results are shown in Fig. 7 . Before the gel treatment, 1 PV CO 2 was injected into the sand packs, the oil recovery from the high-permeability sand pack (1993.2 mD) was higher than that from the low-permeability one (150.6 mD). The final oil recovery by CO 2 flooding was 71 % in the high-permeability sand pack, but only 15.5 % oil was recovered in the low-permeability sand pack after injection of approximately 1 PV of CO 2 . In this stage (0-1 PV), the oil recovery in the higher permeability sand pack was the main contributor to the comprehensive oil recovery. The so-called comprehensive oil recovery represents total oil recovery in the simulated heterogeneous formation. In order to further displace or mobilize the oil in the sand packs, 0.3 PV of the gel system was injected into these heterogeneous sand packs (simulated heterogeneous formations) to block the channeling. The oil recovery increased slightly both in the high-and low-permeability sand packs during the injection of the gel system. After gelation for 8 h, CO 2 was then injected into the sand packs again at an injection rate of 1 mL/min, and the EOR performance was evaluated until no more oil was produced at the end of the sand packs. After the gel treatment, the oil recovery increased slightly in the high-permeability sand pack. Meanwhile, the oil recovery increased sharply in the low-permeability sand pack and finally reached 62 %. The oil recovery increase in lower permeability sand pack dominated the increase in the comprehensive oil recovery in this stage (1.3-2.5 PV). This indicates that gel was formed in the high-permeability sand pack due to the high CO 2 saturation and blocked the channels and pores. Therefore, CO 2 subsequently injected was diverted into the low-permeability sand pack from the high-permeability sand pack to increase the oil recovery of the low-permeability sand pack. 
Conclusions
(1) A modified polyacrylamide-methenamine-resorcinol system was investigated as CO 2 -sensitive chemicals to form gels in situ in the presence of CO 2 under reservoir conditions. Bottle tests demonstrate that this gel system had good CO 2 -sensitivity, and strong gel was formed with a strength code of H at temperatures of up to 80°C. (2) The improved bottle tests indicate that the gelation time was reduced with an increase in temperature, which was attributed to the promoting effects of high temperature on the molecular motion of CO 2 and the release of the crosslinkers. The concentration of polymer (PAM) also influenced the gelation process and the strength of gels formed. The higher the PAM concentration, the stronger the gel formed. However, a high polymer concentration can reduce the injectivity of the gel system. A PAM concentration of 1.0 wt% in the solution was recommended. The increase in pressure had a positive effect on the gelation process at experimental pressures. (3) The analysis of injectivity shows good viscositytemperature characteristics of the CO 2 -sensitive gel system. With the temperature increasing, the viscosity of this gel system decreased which can contribute to deep conformance improvement. An effective viscosity can be maintained under relatively higher temperatures which may inhibit the channeling of the injection system in deep formations. (4) The water shutoff capacity of the gel system was determined through sand pack flow tests, the test results show that the 90 % final permeability reduction was achieved at high salinity (200,000 ppm with 1000 ppm Ca 2? ) and at temperature up to 90°C in the high-permeability sand pack (1698.5 mD). (5) The modified PAM-methenamine-resorcinol solution can flow into and form strong gel in the highpermeability zone in a heterogeneous formation in a CO 2 atmosphere. This performance would increase the sweep efficiency of injected CO 2 , and improve the final oil recovery in heterogeneous formations. 
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